Interfacial properties rhamnolipids from an extract produced by a strain of Pseudomonas aeruginosa were analyzed in this study. The extract of rhamnolipid was characterized by surface tension in different conditions; interfacial tension with different hydrocarbons; critical micelle concentration under different pH and temperatures; particle size and emulsification capacity using laser light profiling. It was observed that the rhamnolipids extract are sensitive to variations in pH, thermostable and function as good emulsificant for emulsification of methyl methacrylate. The emulsion stability order in function of the oil phase was methyl methacrylate > emulsions of castor oil > emulsion n-heptane > emulsion toluene > emulsion hexadecane > octane emulsion. The data presented show that rhamnolipid extracts may be used to formulate stable emulsions of methyl methacrylate. This process can be used to do nano/microsphere of polymethyl methacrylate.
Introduction
Rhamnolipids are amphiphilic molecules composed of a hydrophobic fatty acid moiety (with C8-C14 carbon atoms, which may or may not be saturated) and a hydrophilic portion composed of one or two rhamnose residue [1] - [5] . Pseudomonas strain can produces 28 different rhamnolipids homologues from different carbon sources [6] .
The presence of others minor rhamnolipids homologues involving C8, C10, C12, and C14 3-hydroxy fatty acids have been described in the literature [5] - [8] . The composition of rhamnolipids produced by Pseudomonas is related to many parameters, the most importantly being: strain, media composition, culture conditions, and culture age [1] [5] [8] [9] . Pseudomonas aeruginosa CCTCC AB93066, for example, produces two groups of monorhamnolipid and dirhamnolipid in aerobic fermentation [10] . They are RhaC10C10, RhaC10C12-H2, RhaC10C12 for monorhamnolipid and Rha2C10C10, Rha2C10C12-H2, Rha2C10C12 for dirhamnolipid [10] . The resulting mixture of homologues determines the property of the biosurfactant, and even slight differences in the mixture composition can have significant consequences for physic-chemical properties of the surfactant [5] . These properties have several potential industrial and environmental applications that include the production of chemicals, surface coating, additives for environmental remediation, as well as being useful biological control agents [2] - [4] .
Several recent studies on rhamnolipids were focused on their adsorption, aggregation, and micellization properties, which are also the important parameters for estimating surfactant in process of solubilization, suspension, and dispersion [11] . Further investigation of the surface activity and other physico-chemical properties is necessary to better understand the behavior of rhamnolipids in emulsions and other industrial or environmental applications.
In fact, surface properties and micellization behavior of a single chemical and separated rhamnolipid, or even rhamnolipidic crude mixture, were reported to be variable [9] [11] [12] . In environmental remediation, the composition of the rhamnolipid mixture and the resulting features may influence its capability to enhance contaminants bioavailability and transport [8] [12] [13] . For example, di-rhamnolipids were described in the literature as biosurfactants that have a lower capacity of micellar solubilization of phenanthrene than mono-rhamnolipids, but di-rhamnolipids showed a greater enhancement in bioavailability of the micellized contaminant [12] - [15] . Biosurfactants in solution, with high surface and interfacial tension reduction capabilities, can facilitate the transport of sorbed pollutants in soil [12] [13] . For a successful practical application of rhamnolipid mixtures produced in batch culture of Pseudomonas, it is necessary to investigate their physicochemical properties.
In this study, a rhamnolipid mixture was produced by the P. aeruginosa strain PA1 and then isolated by partitioning with chloroform-ethanol. The composition of the rhamnolipid mixture was chemically characterized, and the interfacial properties and micellization behavior were comparatively investigated. The analysis of the data shown in this article can provide a better understanding of the functions, characteristics and behavior of mixtures of rhamnolipids for use in polymerization processes, biochemical processes, and pharmaceutical and environmental remediation.
Materials and Methods

Rhamnolipid Production
Pseudomonas aeruginosa PA1 was inoculated in Erlenmeyer flasks containing 600 mL of culture medium (NaNO 3 1.0 g/L; KH 2 PO 4 3.0 g/L; K 2 HPO 4 7.0 g/L; MgSO 4 •7H 2 O 0.2 g/L; 0.5% yeast extract; peptone 0.5% and 3% glycerol). The Erlenmeyers were placed in a rotary shaker at 170 rpm for 24 hours, at 30˚C. The cell culture was centrifuged (10,000 g, 30 minutes) and then dispersed again in distilled water. The cells were then centrifuged, recovered and used as inoculums [16] . These inoculums were added to a 2 L Erlenmeyer flask containing 1.2 L of production medium (glycerol 3%; NaNO 3 
. They were then incubated at 30˚C at 170 rpm for 168 hours. Every 24 hours, 1.5 mL aliquots were taken for analysis of cell growth and rhamnolipid concentration [16] [17] .
The cell concentration in the suspension of P. aeruginosa was calculated as dry mass (PS) (g/L), by measuring the absorbance at 600 nm and using a calibration curve of dry weight (ABS PS = 1.2595 (g/L) − R2 = 0.989). To determine the concentration of rhamnolipids, the method described by Dubois et al. was used [18] .
Rhamnolipid Extraction
The cells were separated by centrifugation of the culture medium at 10,000 × g for 20 minutes and autoclaved. The culture medium, free of cells, containing the biosurfactant was subjected to a reverse osmosis process for concentration by water removal using a reverse osmosis system containing N 2 at a constant pressure of 300 psi (20 kgf/cm 2 ), a reverse osmosis membrane (model: BW30-2540-DOW FILMTEC) and a magnetic stirring system. Rhamnolipid purification was carried out by extraction, using a chloroform/methanol/culture medium mixture, in the proportion of 2:1:1 and a separating funnel (see Figure 1) . The organic chloroform rich phase was separated, the solvent evaporated a pasty product with a brownish color [17] was obtained.
Surface and Interfacial Tension Measurements
The surface tension measurements were carried on a tensiometer Krüss K100 using the Wilhelmy plate method. The rhamnolipids rich extract (RLe) was diluted in deionized water at a concentration of 0.15 g/L. The samples were then analyzed for 20 minutes at each temperature of 4˚C, 25˚C, 60˚C and 80˚C, then cooled from 80˚C to 4˚C following the same path. The sample was stored in the refrigerator and analyzed again in the following day.
To measure the surface tension at different pH, the rhamnolpid extract was diluted in 1 g/L with water deionized with different pH: alkaline medium (pH = 10.8), adjusted with a 1 M NaOH or KOH solutions; acid medium (pH = 3.4), adjusted with a 1 M HCl solution; and without any adjustment of pH (pH about 6.3). During the whole titration process, the pH value was monitored.
The interfacial tension analyses were performed in DSA100 tensiometer, using the pendant drop method. The data were analyzed using the software Drop Shape Analysis System DSA100. The interfacial tension between water (with and without the extract of rhamnolipids) and different hydrocarbons was measured at room temperature (25˚C).
Zeta Potential and Aggregate Size Measurements
The zeta potential and particle size was measured on a Nano ZS-Malvern Instruments equipment. Rhamnolipids extract solutions were prepared at pH 3.4, 10.8 and 6.3 at different concentrations at a concentration of 5 g/L. The samples were pre-filtered in a 0.45 μm membrane filter and added to a cuvette for measurements.
Emulsion Stability
The emulsion stability was analyzed at room temperature by laser profiling using the Turbiscan TLAB from Formulaction®. This technique allows the scanning of transmitted and scattered light of flasks containing emulsions or suspensions in various positions along the sample height. The measurement result is the light transmission and backscattering profile from the sample in function of the height of the tube (mm), from the bottom to the top of the tube [19] . The emulsions were prepared by mixing 50% water rhamnolipid solution (150 mg/L) and 50% of hydrocarbon (w/w). The samples were sonicated by an ultrasound probe (Sonics model VCX750) for 4 minutes with amplitude of 40%. Then, 20 ml of sample was added into a flask for analysis of the stability of the emulsion in the Turbiscan TLAB.
Results and Discussion
A comparison of the surface tension of solutions (culture medium RLb and rhamnolipid extract RLe at different concentrations) shows that the rhamnolipid extract (RLe) reduces the surface tension of water at a lower concentration than RLb, as expected by an increase in the rhamnolipid concentration due to the purification process. At the same time the CMC of the RLb and 198.1 mg/L while of the RLe is 25.7 mg/L, resulting in a difference of almost eight times (Figure 2) , comparatively the CMC of SDS measured was 2.6 g/L, and according to the literature, the critical micelle concentration of SDS is 0.00835 mol/L (2.56 g/L) [20] .
The SDS reduced the surface tension less than the rhamnolipid (~27 mN/m-rhamnolipids against ~36 mN/m-SDS). Interestingly, it is only required about 2.6 g of SDS, compared to 26 mg of RLe (value 100 times smaller), to achieve CMC. This shows that in relation to surface tension reduction, rhamnolipids are more effective and have a much larger molecular area at air/liquid interface.
Industrial applications, such as surfactant in polymerization reaction, require surfactant thermal stability at up to 80˚C. Many surfactants are sensitive to temperature, thus, RLe solutions were heated and cooled to assess thermal stability (Figure 3) . A solution of RLe at a concentration 6 times the value of CMC (150 mg/L) was used during this process. The solution was heated to 80˚C and then cooled to 4˚C, and the surface tension was measured at 4˚C, 25˚C, 60˚C and 80˚C. The process was repeated on the same sample the following day ( Figure  3) . The rhamnolipids proved to be thermoresistant to a temperature up 80˚C.
Environmental factor such as pH, salinity and temperature play a crucial role in influencing the effectiveness of rhamnolipids [21] [22] . Ilori et al., (2005) demonstrated that the chemical structure of biosurfactants gives an advantage to the degradation of hydrocarbons, but it can probably be destroyed under extreme conditions of temperature and pH [22] . This advantage is associated with a decreased interfacial tension between polar and nonpolar liquids, which can increase the availability of hydrocarbons in water for different bacteria to grow.
Many surfactants can tolerate extremes pH, but rhamnolipids are sensitive to pH changes, the variation of surface tension under different pH is shown in Figure 4 . Critical micelle concentration is sensitive to pH, therefore the variation of pH changes the ability of the biosurfactant to form micelles or to adsorb on the interface. As Figure 4 shows, when the mixture is alkalized with NaOH or KOH solutions to a pH of 10.8 there is a negligible change in surface tension curve. . A similar result, with different concentrations of di-rhamnolipids, was reported by Sánchez et al. [25] . In his study a concentration-dependent micelles-vesicle transition was determined. By surface tension measurements, they demonstrated that at pH 7.4 the CMC of dirhamnolipid is 0.110 mM, whereas at pH 4.0 it falls to 0.010 mM. This indicates that a negatively charged dirhamnolipid has a much higher CMC value than the neutral species [25] .
At concentrations above the CMC, rhamnolipids form micelles, vesicles, or lamella depending on the solution pH, concentration, and presence of electrolytes [ [26] . Changes in micellar structure of rhamnolipids may be a consequence of altering the intrinsic charge of the molecule or modification of the micelle charge.
The micelles or bi-layers formed by self assembly of surfactants in CMC may also aggregate and generate vesicles in aqueous solution as bulk [5] . Spherical surfactant vesicles of various sizes (50 -250 nm) are spontaneously formed at a rhamnolipid concentration greater than its critical micelle concentration (CMC), which was 200 mg/L [26] [27] .
The variation of pH is an important factor to increase or decrease the stability of emulsions with rhamnolipids [28] . The carboxylic moiety of rhamnolipids executes the functional control of the amphipathic properties of rhamnolipids, depending on the environmental pH and on the concentration of rhamnolipids, which is mild for biomembranes [29] - [31] . The change in pH modifies the IFT result because the carboxylate group pKa leads to a partial dissociation [32] . With lower pH, more of the biosurfactant is in acid form.
Analysis of zeta potential and particle size can help to understand the behavior of rhamnolipids in solutions ( Figure 5 and Figure 6 ). To examine the variation of micelle or vesicles size, a series of measurements using DLS (Dynamic Light Scattering) sizer was carried out at concentrations above CMC (pH dependent) at different conditions.
A significant proportion of large aggregates (distribution mode about 200 nm) was found in all pHs indicating the formation of aggregates with relatively large hydrodynamic radius. At pH 10.8, a size distribution mode about 7 nm was observed, suggesting that when the rhamnolipid is in the charged state electrostatic repulsion existing between headgroups leads to small micelles. This confirms that micelle growth, due to the intermolecular or intermicellar aggregation, or aggregate shape transition may occurs when a change of pH (or concentration) in the bulk happen.
The previous experiments were important to demonstrate the effects of various parameters, such as: temperature, pH and salts in the properties of solutions containing the extract RLe. Previous works demonstrate the ability of rhamnolipids to reduce aqueous surface tension [1] - [7] [21]- [28] . However, there is still the need to characterize the behavior of this surfactant in the oil/water interface. Thus, experiments were performed to evaluate interfacial tension between oil and water (with or without RLe) and to contribute to the characterization of the surfactant behavior ( Table 1) . Table 1 different polarities and structures using just a small amount of surfactant. Furthermore, the highest interfacial tension reduction were observed in the systems with linear alkanes. In a more hydrophilic system, such as castor oil and methyl-metacrylate, the ramnolipid decreases slightly the interfacial tension. Comparatively, RLe was more effective than SDS (interfacial tension reduction per weight of surfactant), suggesting that the RLe can be used in various processes (especially those required to reduce the in- terfacial tension between water and an organic phase), and can replace the petrochemical surfactants. Another favorable point of rhamnolipids is that they are biodegradable, while SDS compounds have low biodegradability [33] [34]. The SDS and RLe reduced the interfacial tension between crude oil and water as seen in Table 1 . A large reduction in interfacial tension between water and oil 21 mN/m (without surfactant) to 1 mN/m (with 0.15 g/L RLe) can be achieved with rhamnolipids, while a less significant value (7 mN/m) can be achieved with SDS (10 g/L). Figures 6-11 show the emulsion stability behavior of emulsions of water solutions with 0.15 g/L of RLe and the hydrocarbons which were evaluated for interfacial tension. This characterization is important to evaluate how the RLe can assist in the stabilization of emulsions with different types of hydrocarbons.
Emulsions are not stable and are subject to various phenomena, such as flocculation, Otswald ripening (diffusional degradation) and coalescence [35] - [37] . They are stabilized by conventional emulsifiers including surfactants, which form a layer around the droplets of the emulsion and therefore reduce the interfacial energy and provide a barrier to coalescence [35] . Rhamnolipids are able to stabilize water emulsions containing benzene, soybean oil and kerosene [24] . Generally, articles that deal with processes of stability and emulsification used the emulsification index E24 as measurement [24] [38] which takes into account only droplet coalescence to the interface, increasing the volume of the separated phase. Thus, for accuracy, laser profiling was used to analyze some phenomena related to the instability of emulsions [37] .
Emulsions were prepared in a 50/50 water:hydrocarbon ratio, 0.15 g/L of RLe was dissolved in water. Figures 6-11 show the emulsions light transmission and backscattering profiles. During the first hour, none of these emulsions showed changes in the transmission, but an increase in transmission (Figure 6(a), Figure 8(a), Figure 10(a) and Figure 11(a) ) and even a clear phase at the bottom could be observed in some experiments (Figure 7(a) and Figure 9(a) ).
Through the backscattering is possible to identify different phenomena that occur in emulsions, such as: a clarification, creaming, flocculation and coalescence [19] [37] . Figure 6(b) shows the backscattering profile of the toluene in water emulsion. The emulsion remains stable up to 1 hour after preparation, however after 24 hours it is possible to observe a clarification at the top of the tube and a water phase at the bottom. Figure 7(b) shows the backscaterring profile of the n-heptane in water emulsion, it is possible to observe a fast demulsification process, and as a consequence of the coalescence a clear water phase is present at the bottom of tube. Figure 7(b) shows emulsions with droplets merging and generating larger droplets, which results in clotting and subsequent coalescence.
The backscattering of the octane emulsion (Figure 8(b) ) showed different characteristics from the others. This emulsion remained stable up to 1 hour, but after 24 hours it underwent clarification of the water phase and creaming (increase of concentration of dispersed phase). The emulsion octane was not stable, and after 24 hours more than 80% of the total bottle showed clarification with creaming.
The hexadecane emulsion (Figure 9(b) ) was stable for 1 hour. After 24 hours, 35% of the bottle presented a clarification process at bottom and in a less extent at the top. The emulsion methyl methacrylate (Figure 10(b) ) was the only that showed a good stability even after 24 hours with no visible phase separation, however laser profiling measurements showed changes in the emulsion namely clarification at the bottom due to creaming and significant changes in the droplet size, indicated by significant changes in the backscattering profile. Thus, RLe in concentration of 0.15 g/L is able to maintain a good stability of methyl methacrylate/water emulsions. This is not suprisingly because the rhamnolipid was not able to reduce water/MMA interfacial tension significantly. The size of the micelles formed in the emulsions methyl methacrylate was between 80 nm and 90 nm in 24 hours. The profile of the backscattering emulsions can be classified by the degree of stability as follows: emulsion methyl methacrylate (Figure 10(b) ) > emulsions of castor oil (Figure 11(b) ) > emulsion n-heptane ( Figure  7(b) ) > emulsion toluene (Figure 6(b) ) > emulsion hexadecane (Figure 9(b) ) > octane emulsion (Figure 8(b) ). This classification can be correlated with the ability of the surfactant RLe to act as an emulsion stabilizer. How- ever, for emulsions with octane, the use of RLe is not recommended.
Conclusions
Rhamnolipids are thermostable surfactants. Two heating treatments at a temperature of 80˚C for a period of one hour did not affect the ability of the rhamnolipid extract to reduce the interfacial tension. This information is important to demonstrate that the extract can be reused in systems that require the use of relatively high temperatures and pH can interfere in the critical micellar concentration and size of the rhamnolipid micelle.
The emulsion stability did not follow the trend suggested by the interfacial tension. Emulsions of methyl methacrylate and water containing rhamnolipid are stable, nevertheless the reduction in the interfacial tension in this system due to rhamnolipid is very modest emphasizing, that to estimate the ability of a surfactant to stabilize an emulsion it is necessary to use a different parameter. Thus, this paper proposes the possibility of using rhamnolipids in processes of nano/micropheres formulations of poly-methyl methacrylate that require using biosur-A. N. Mendes et al.
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factants.
